Current methods for determining ambient redox potential in cells are labor-intensive and generally require destruction of tissue. This precludes single cell or real time studies of changes in redox poise that result from metabolic processes or environmental influences. By substitution of surface-exposed residues on the Aequorea victoria green fluorescent protein (GFP) with cysteines in appropriate positions to form disulfide bonds, reduction-oxidation-sensitive GFPs (roGFPs) have been created. roGFPs have two fluorescence excitation maxima at about 400 and 490 nm and display rapid and reversible ratiometric changes in fluorescence in response to changes in ambient redox potential in vitro and in vivo. Crystal structure analyses of reduced and oxidized crystals of roGFP2 at 2.0-and 1.9-Å resolution, respectively, reveal in the oxidized state a highly strained disulfide and localized main chain structural changes that presumably account for the state-dependent spectral changes. roGFP1 has been targeted to the mitochondria in HeLa cells. Fluorometric measurements on these cells using a fluorescence microscope or in cell suspension using a fluorometer reveal that the roGFP1 probe is in dynamic equilibrium with the mitochondrial redox status and responds to membrane-permeable reductants and oxidants. The roGFP1 probe reports that the matrix space in HeLa cell mitochondria is highly reducing, with a midpoint potential near ؊360 mV (assuming mitochondrial pH ϳ8.0 at 37°C). In other work (C. T. Dooley, T. M. Dore, G. Hanson, W. C. Jackson, S. J. Remington, and R. Y. Tsien, submitted for publication), it is shown that the cytosol of HeLa cells is also unusually reducing but somewhat less so than the mitochondrial matrix.
Current methods for determining ambient redox potential in cells are labor-intensive and generally require destruction of tissue. This precludes single cell or real time studies of changes in redox poise that result from metabolic processes or environmental influences. By substitution of surface-exposed residues on the Aequorea victoria green fluorescent protein (GFP) with cysteines in appropriate positions to form disulfide bonds, reduction-oxidation-sensitive GFPs (roGFPs) have been created. roGFPs have two fluorescence excitation maxima at about 400 and 490 nm and display rapid and reversible ratiometric changes in fluorescence in response to changes in ambient redox potential in vitro and in vivo. Crystal structure analyses of reduced and oxidized crystals of roGFP2 at 2.0-and 1.9-Å resolution, respectively, reveal in the oxidized state a highly strained disulfide and localized main chain structural changes that presumably account for the state-dependent spectral changes. roGFP1 has been targeted to the mitochondria in HeLa cells. Fluorometric measurements on these cells using a fluorescence microscope or in cell suspension using a fluorometer reveal that the roGFP1 probe is in dynamic equilibrium with the mitochondrial redox status and responds to membrane-permeable reductants and oxidants. The roGFP1 probe reports that the matrix space in HeLa cell mitochondria is highly reducing, with a midpoint potential near ؊360 mV (assuming mitochondrial pH ϳ8.0 at 37°C). In other work (C. T. Dooley, T. M. Dore, G. Hanson, W. C. Jackson, S. J. Remington, and R. Y. Tsien, submitted for publication), it is shown that the cytosol of HeLa cells is also unusually reducing but somewhat less so than the mitochondrial matrix.
Most metabolic reactions in cells take place in reducing compartments such as the mitochondria or cytoplasm. This is presumably because critical thiol groups and other key catalytic elements of enzyme active sites must be protected against oxidation. Protein disulfide bonds are rarely found in such environments. On the other hand, normal cell function requires that some compartments, such as the endoplasmic reticulum in eukaryotes, be oxidizing. This is essential for the proper folding and function of proteins destined for export, which frequently contain disulfide bridges.
Much has recently been learned regarding the mechanisms responsible for homeostasis of redox status in certain subcellular compartments. In yeast, the formation of disulfide bonds in the endoplasmic reticulum utilizes conserved Ero1p (2, 3) and/or Erv2p (4, 5) , which are FAD-containing enzymes that directly consume molecular oxygen to create a disulfide linkage. In addition, the disulfide exchange component proteindisulfide isomerase ensures formation of the correct disulfides (6) (for reviews, see Refs. 7 and 8). In prokaryotes, a thioredoxin-like family of enzymes catalyzes the formation and isomerization of disulfide bonds in proteins via highly specific disulfide exchange reactions (9) .
In all cells, small molecules capable of thiol-disulfide exchange like GSH are abundant and were previously thought to act as redox buffers, but this hypothesis has been disproved. For example, in the protein export pathway, GSH actually competes with protein thiols for oxidizing equivalents (8, 10) . Thus, the primary role of small thiols may be one of defense against oxidants and other deleterious compounds (for reviews, see Refs. 2, 11, and 12) .
Where required, the general mechanisms responsible for redox homeostasis may also be co-opted for other diverse processes such as apoptosis, disease, oxidative defense mechanisms, allosteric control of enzyme activity, and a variety of signal transduction pathways. For example, oxidative events have been implicated in activating the mitochondrial permeability transition, leading to cytochrome c release and cell death (13) (14) (15) . Changes of the cellular oxidation potential have been suggested to be a final step in the apoptotic process leading to degradation of apoptotic bodies (16) . Soluble, short lived, and reactive species such as peroxides (17, 18) and NO (19) are now recognized to be second messengers that can directly modulate the activity of target proteins as well as indirectly couple cellular responses to external events. These processes can result in the nitrosylation or oxidation of specific cysteine residues on a target protein to one of several possible states, directly modulating the activity of target. Signal transduction mechanisms involving such oxidative modifications are now recognized to rival protein phosphorylation in significance.
Given the importance of and general interest in cellular redox processes, a noninvasive method for reporting redox changes within living cells is highly desirable. Until now, no general approach for nondestructive readout of redox status has been available. Whereas several methods of determining in vivo redox status have been proposed, all have serious limitations. Most techniques require cells to be harvested before their contents can be analyzed. For example, several attempts have been made to directly measure the ratio of reduced to oxidized glutathione, which is with few exceptions the most abundant nonprotein thiol in eukaryotic cells (20) . This ratio has been found to range from 1:1 to 3:1 in the secretory pathway, and in total cellular material it has been found to range from 100:1 to 300:1. Whereas these results point to dramatic differences in redox poise within compartments, with such an approach it is of course impossible to monitor redox changes within the same cell over a period of time. Keese et al. (21) proposed an alternative procedure in which crystals of the enzyme glutathione reductase are microinjected into the cytosol of human fibroblasts. By detection of color changes in the crystals, they were able to determine the redox potential of the cytosol to be more reducing than Ϫ0.270 V. Whereas this method may allow redox status determination within single living cells, it is cumbersome.
Indicators that give visual response to changes in dynamic redox status can be constructed from the green fluorescent protein (GFP), 1 which has become a popular tool for molecular labeling in vivo (for reviews, see Refs. [22] [23] [24] . GFP is most often used as a passive indicator of gene expression and protein localization, but variants have been constructed that act as indicators of intracellular concentrations of H ϩ , Ca 2ϩ , and halide ions (25) (26) (27) (28) (29) (30) (31) (32) . The key properties of GFP are efficient fluorescence, protease resistance, and stability throughout a wide range of pH and solvent conditions. Moreover, GFP can be targeted to specific organelles within the host cell, permitting conditions at localized areas to be monitored in a single cell over a period of time.
An indicator for redox status can be constructed from GFP by introduction of redox-reactive groups into the protein, at locations where a change in the oxidation state of the introduced group(s) would modify the fluorescent properties. Ostergaard et al. (33) introduced pairs of cysteines onto the surface of yellow fluorescent protein (YFP) (34) in appropriate locations to form disulfide bridges in an oxidizing environment. The indicators, designated rxYFP N M (where N and M indicate the locations of introduced cysteines) were successfully expressed in the cytoplasm of Escherichia coli and were shown to respond, by changes in fluorescence intensity, to membrane-permeable redox agents 4,4Ј-dithiodipyridine and dithiothreitol (DTT). The indicators also responded to mutational disruption of the trxB gene, which codes for the flavoenzyme thioredoxin reductase and is partially responsible for the reducing state of the cytoplasm. Although the results of these efforts are promising, rxYFP N M redox probes suffer from several limitations. Because only the intensity of fluorescence is affected by disulfide bond formation, the probes are not ratiometric and would be difficult to calibrate (32, 35) . A further complication arises from the fact that YFP fluorescence is quenched by a low concentration of halides and other small anions (36, 37) .
Here, we describe the independent development and preliminary application of several GFP-based indicators of redox status. The indicators are ratiometric by excitation, which reduces or eliminates measurement errors resulting from changes of indicator concentration, photobleaching, and variable cell thickness. Directed substitution of cysteine residues at selected surface sites in the vicinity of the GFP chromophore but upon different GFP backgrounds resulted in indicators with apparent midpoint potentials in the range Ϫ0.27 to Ϫ0.29 V. We term these probes redox-sensitive GFPs (roGFPs).
Analysis of the oxidized and reduced crystal structures of roGFP2 verified reversible formation of an intramolecular disulfide bridge and revealed an oxidation-dependent strain in the polypeptide backbone that may account for the observed spectral changes. Using cultured mammalian cells expressing roGFP1 in the mitochondria, we show that the probe reversibly reports redox changes in response to application of membranepermeable oxidizing and reducing agents. Measurements were conducted on single cells using a fluorescence microscope and with cell suspensions in an ordinary fluorometer with comparable results. After correcting for the estimated pH (ϳ8.0) of the mitochondria, the in vivo results suggest that the redox potential of resting mitochondria in HeLa cells is near Ϫ360 mV.
MATERIALS AND METHODS
Structure-based Design of Redox-sensitive GFP Variants-roGFP indicators were designed with the concept that cross-links between pairs of surface-exposed cysteine residues may induce structural strain in the protein. For locations close to the chromophore, modifications of the chromophore environment can be expected to result in changes in the fluorescence excitation or emission properties. To prevent undesirable cross-link formation, we attempted to replace the two cysteines present in wild-type GFP at positions 48 and 70 (38) by serine and alanine, respectively. The substitution of Cys 70 proved to be deleterious to obtaining soluble, fluorescent protein, so the C48S construct was used as the background in most cases. Candidate sites for introduction of potential disulfide pairs were selected by visual inspection of the atomic model for S65T GFP (34) (Protein Data Bank code 1EMA) for surface locations with approximately the required separation and orientation for formation of a disulfide linkage (39, 40 . The single-cysteine variants were created on either pseudo-wild type background (C48S/Q80R) or (C48S/Q80R/S65T), and their properties were investigated before construction of the double cysteine substitutions. Finally, the double disulfide variant was constructed (roGFP5 and -6) with and without the S65T mutation.
Gene Construction and Protein Expression-Mutations were introduced via the QuikChange™ kit (Stratagene, La Jolla, CA), following the manufacturer's protocol. DNA sequencing of the entire GFP coding sequence verified all mutations. Mutations were initially introduced into a His-tagged version of wild-type (Q80R) GFP in the plasmid pRSET B . For expression in mammalian cells, the mutations C48S/ T65S/S147C/Q204C (which contains S65T) and C48S/S147C/Q204C (roGFP1 and -2) were introduced into the plasmid pEGFP-N1 (Clontech) containing in addition the leader sequence of the E 1 ␣ subunit of pyruvate dehydrogenase for mitochondrial targeting (a gift of R. M. Brown and G. K. Brown, University of Oxford). The resulting plasmid also contained the so-called "folding mutation" F64L, which seems to improve the efficiency of proper folding and chromophore formation in vivo (41) . To verify that F64L did not significantly alter the properties of roGFPs, the mutation was introduced into the original pRSET B plasmid. In side-by-side experiments, roGFP2 and roGFP2/F64L had indistinguishable spectral and redox properties (data not shown).
Mutant protein was expressed in E. coli strain JM109(DE3) by use of the pRSET B expression system with an N-terminal His 6 tag. The cells were resuspended in 50 mM HEPES (pH 7.9), 300 mM NaCl, 10% glycerol, and sonicated for 7 min. Cell lysate was centrifuged, and the supernatant was applied to a column of Ni 2ϩ -nitrilotriacetic acid-agarose resin (Qiagen, Hilden, Germany). The N-terminal histidine tag was removed by incubation with 1:50 (w/w) ␥-chymotrypsin for 20 h at 22°C. Samples were concentrated by filtration (Centricon 10; Amicon) and buffer-exchanged with PD-10 Sephadex columns (Amersham Biosciences) into 20 mM HEPES, pH 7.9.
Spectroscopy and Redox Titrations-Fluorescence excitation spectra were collected on Hitachi F4500 and PerkinElmer Life Sciences LS55 fluorescence spectrophotometers at 30°C. Samples consisted of 1 M GFP in 75 mM HEPES (pH 7.0), 140 mM NaCl, 1 mM EDTA, and 1 mM total DTT (mixture of oxidized and reduced forms). To reduce air oxidation, the solutions were degassed and subsequently flushed with nitrogen. Where possible, most solutions were prepared and allowed to equilibrate in a glove box under a nitrogen atmosphere.
In general, equilibrium was obtained within 1 h at pH 7.0. However, the samples were incubated at 30°C for 4 h to ensure equilibration of the GFP-DTT system. Because the equilibrium constant for the reaction roGFP red ϩ DTT ox 7 roGFP ox ϩ DTT red is much less than 1 (see "Results"), the results were checked by performing an alternative titration against reduced and oxidized lipoic acid (10 mM in the above buffer) for roGFP1, as described elsewhere. 2 The equilibrated reaction mixtures were subjected to SDS-PAGE analysis, which showed no evidence for species corresponding to disulfide-linked dimers (data not shown). Therefore, any disulfides that are formed are intramolecular (see below for crystallographic evidence).
Determination of Midpoint Potentials-Apparent redox midpoint potential values for roGFPs were found by exploiting the fact that the fluorescence excitation spectrum of roGFPs is strongly and reversibly dependent upon the redox state of the introduced cysteines. When equilibrated against redox buffers consisting of reduced and oxidized dithiothreitol (DTT red , DTT ox ) or lipoic acid, fluorescence spectra of roGFPs revealed amplitude changes in the two excitation maxima with a well defined isosbestic point. The redox reaction of the roGFPs with reduced and oxidized DTT could thus be analyzed using a two-state model. The equilibrium for the oxidation of reduced roGFP by DTT ox and the corresponding equilibrium constant (K eq ) are given by Reaction 1 and Equation 1.
When roGFPs were incubated in the presence of varying concentrations of DTT red and DTT ox (total DTT red ϩ DTT ox ϭ 1 mM), the fractional amount of reduced roGFP at equilibrium (R) could be measured over the whole range from the oxidized to the reduced protein using the chromophore fluorescence. Since SDS-PAGE and crystallography revealed that roGFPs form only intramolecular disulfide bonds, R can be related to K eq by Equation 2 (42) .
For experimental determination of the equilibrium constants of the roGFP-dithiothreitol system, the equilibrium concentrations of DTT red and DTT ox were calculated according to Equations 3-5. In these expressions, [DTT red o ] and [DTT ox o ] are the initial concentrations of DTT red and DTT ox , respectively, R is the fractional amount of reduced roGFP at equilibrium, [roGFP o ] is the initial concentration of oxidized roGFP, F is a fluorescence intensity ratio of excitation at 490 nm versus the isosbestic point (425 nm), and F ox and F red are the 490/425 nm ratios of the completely oxidized and reduced protein, respectively, although any two wavelengths can be chosen.
By plotting R against the [DTT red ]/[DTT ox ] ratio and fitting the data to a titration curve according to Equation 2, the K eq for the roGFP/dithiothreitol system could be found. The redox potential of roGFPs at pH 7 and 30°C (EЈ 0(roGFP) ) could then be calculated from the Nernst equation (6) , where EЈ 0 is the biochemist's standard potential of the DTT red /DTT ox couple (EЈ 0(DTT) ϭ Ϫ0.323 V, at pH 7 and 30°C (43)), R is the gas constant (8.315 J K Ϫ1 mol Ϫ1 ), T is the absolute temperature (303.15 K), n is the number of transferred electrons (2), and F is the Faraday constant (9.649 ϫ 10 4 C mol Ϫ1 ).
Plots and curve fits were made with KaleidaGraph (Abelbeck Software). For the case of titration against reduced/oxidized lipoate, EЈ 0(Lip) ϭ Ϫ0.290 V (44) was assumed. Redox potentials involving the liberation of H ϩ depend intrinsically on pH. The pH dependence of the midpoint potential can be seen from the half-reaction of roGFP reduction as follows. Ratiometric Measurements-The roGFP probes display two fluorescence excitation maxima whose relative amplitudes depend on the specific mutations but also depend on the state of oxidation. This can be used to make ratiometric measurements (35, 45) , which reduce or eliminate dependence on protein concentration, sample path length, photobleaching, and variable source intensity. The in vitro ratios of the excitation maxima were determined in the fluorometer directly from the excitation spectrum at typically 400 and 475 nm (2.5-nm slit width) for roGFP1 or 400 and 490 nm for roGFP2. The dynamic range parameter ␦ is defined as the ratio of the maximum to minimum values of the excitation ratios, and is useful as a measure of the maximum attainable signal/noise ratio.
Crystal Structure Determination-roGFP2/F64L (C48S/F64L/S65T/ Q80R/S147C/Q204C) was concentrated to ϳ20 mg ml Ϫ1 in 20 mM HEPES (pH 7.9) and 0.2-m-filtered. X-ray diffraction data were collected from a single frozen crystal for each redox state at beamline 7-1 at the Stanford Synchrotron Radiation Laboratory. Data sets were indexed and reduced with MOSFLM (46), and intensities were scaled with SCALA (CCP4 program suite). Molecular replacement solutions were found with EPMR (47), using the GFP S65T coordinate file (Protein Data Bank code 1EMA) as the search model. Positional refinement was begun using data to 3.5-Å resolution and then increased in stages to the limit of resolution, using the program TNT (48) . Electron density maps (2F o Ϫ F c and F o Ϫ F c ) were analyzed using the program O (49). B-factor refinement was performed using the default TNT B-factor correlation library. Solvent molecules were added only if indicated by large positive features in the (F o Ϫ F c ) electron density maps and in reasonable proximity of hydrogen bond partners.
The free R-factor was determined a posteriori (50) from 10% of the diffraction data after simulated annealing refinement against the remaining 90% of the data. To verify structural details in the vicinity of the introduced disulfides, "omit" (F o Ϫ F c ) difference electron density maps were calculated after removing small segments from the model and subjecting the remaining portions to simulated annealing refinement prior to phase calculation.
Mitochondrial Expression of roGFP1 and Spectroscopy of Cell Suspensions-A stable line of HeLa cells expressing roGFP1 in the mitochondrial matrix was created by transfection with the pEGFP-N1/ roGFP1 plasmid containing the pyruvate dehydrogenase E1␣ subunit leader sequence and by selection of colonies exhibiting green fluorescence in the presence of G418 (Calbiochem). Cells were grown to 100% confluence on a 15-cm tissue culture plate (HG-DMEM medium plus 10% fetal calf serum; Invitrogen), treated with trypsin briefly to release, and then were washed, harvested, and suspended in 4.0 ml of phosphate-buffered saline buffer (10 mM sodium/potassium phosphate, pH 7.4, 137 mM NaCl, 2.7 mM KCl, 0.5 mM CaCl 2 , 0.5 mM MgCl 2 , and 25 mM glucose). 2 ml of cell suspension was transferred to a cuvette, and fluorescence excitation spectra were collected using a Hitachi F4500 fluorescence spectrophotometer with gentle stirring. To determine whether useful signals could be obtained with exogenous oxidants and reductants, either H 2 O 2 (to 1 mM) or DTT (to 10 mM) were added. These reagents were chosen because of their apparent ability to fully oxidize and reduce samples of the purified roGFP1 protein in vitro. Fluorescence excitation scans were collected from 350 to 500 nm (2.5-nm slit widths, 510-nm emission) before and each minute after the addition of either 1 mM H 2 O 2 or 10 mM DTT. As a control, cells not expressing roGFP1 were grown under identical conditions and subjected to the same procedure. Background subtraction was performed after correcting the emission spectra for the difference in cell density, as determined by measurements of A 595 in the stirred cuvette.
Investigation of Mitochondrial Redox Status in Single Mammalian
Cells Using Fluorescence Microscopy-HeLa cells stably transfected with pEGFP-N1/roGFP1 plasmid containing the pyruvate dehydrogenase E1␣ subunit leader sequence using Fugene (Roche Applied Science) were viewed with a ϫ 60 dipping objective and imaged on a motorized Zeiss Axioscope 2 microscope. The temperature of the cells was maintained at 37°C using an open perfusion microincubator (Harvard Apparatus Inc., Holliston, MA). Dual excitation ratio imaging required 400 (10) nm (Edmund Industrial Optics, Barrington, NJ) and D480/ϫ 30 excitation filters, a 505DCXR dichroic mirror, and a D535/40 nm emission filter (Omega Optical and Chroma Technologies, Brattleboro, VT) alternated by a fast filter changer. Images were collected with a PentaMax cooled CCD camera (Princeton Instruments). Data were collected and processed using the program Openlab (Improvision, Lexington, MA). Fluorescence excitation ratios were obtained by dividing integrated intensities obtained from manually selected portions of the imaged regions of intact whole cells collected using 400 (10) nm and 480 (30) nm excitation filters after appropriate background correction. Background correction was performed by subtracting the intensity of a nearby cell-free region from the signal of the imaged cell.
RESULTS
Characterization of roGFPs-Fluorescence scans of roGFPs at different redox potentials were initially collected in 1 mM DTT redox buffer prepared by varying the ratio of reduced (DTT red ) to oxidized DTT (DTT ox ). Neither wild-type GFP nor any of the single Cys point mutants showed a significant change in fluorescence in response to the addition of oxidizing or reducing agents (data not shown), However, each of the double cysteine mutants responded strongly and rapidly to the oxidation state of the solution.
For each, two excitation maxima (at about 400 and 475-490 nm) as in wild-type GFP were observed. These maxima are attributed to an internal equilibrium between the neutral and anionic forms of the chromophore, respectively (22) . However, unlike wild-type GFP, in roGFPs the relative amplitudes of these peaks depend strongly on the solution oxidation potential. The fluorescence excitation spectra of roGFP1 and -2 are shown in Fig. 1, A and B . The spectra show that formation of the disulfide favors the protonated, neutral form of the chromophore. For roGFP1, oxidation increases the 400-nm excitation peak (band A) while decreasing the 475-nm peak (band B). A clean isosbestic point separating the two peaks is observed at 425 nm, indicative of two equilibrating molecular species. The fluorescence excitation spectrum of roGFP2 (roGFP1 with the addition of the S65T mutation) (Fig. 1B) responds in a similar manner, but the relative amplitudes of the A (400-nm) and B (490-nm) bands are reversed.
In contrast to roGFP1, roGFP2 fluorescence emission depends on pH as well as redox potential. This is not surprising, since most GFP variants containing the S65T mutation are sensitive to pH variations and at low pH are only weakly or not at all fluorescent (51) . The pK a of roGFP2 depends somewhat on the oxidation state (data not shown), and the values were determined by titration to be about 5.6 (reduced) and 6.0 (oxidized).
The redox midpoint potentials of the various roGFPs were determined from the equilibrium constant obtained by fitting a theoretical curve to a plot of the fraction of reduced protein versus the ratio of DTT red to DTT ox (e.g. Fig. 1, C and D) . This gave values of Ϫ0.288 and Ϫ0.272 V for roGFP1 and -2, respectively. Table I summarizes various spectroscopic and biochemical properties of six roGFPs. As a check, titration of roGFP1 against the lipoic acid/dihydrolipoic acid (EЈ 0 ϭ Ϫ290 mV) couple was performed in two completely independent experiments using a procedure described elsewhere 2 and resulted in very similar values (Ϫ0.285 and Ϫ0.288 V) for the midpoint potential. As can be seen from Table I , K eq , EЈ 0 , and ␦, the dynamic range parameter, depend upon the specific sites of substitution as well as upon the background used (i.e. S65T).
The pH dependence of the midpoint potential for roGFP2 was investigated for several points in the pH range 6.0 -8.0 at 30°C and found to correspond linearly to pH according to the expression EЈ 0 pH ϭ EЈ 0 Ϫ 65.5 mV ϫ (pH Ϫ7.0) (correlation coefficient R ϭ 0.9999; data not shown). Thus, the pH dependence does not correspond precisely to the simple model expressed by Equation 7, possibly because of the presence of nearby titratable groups in the protein (52) .
Crystal Structure Analyses of roGFP2-roGFP2 (S147C/ Q204C/S65T/F64L) crystallized readily and was therefore used for the structure analysis. Crystals of both reduced and oxidized forms were investigated in order to better understand how disulfide bond formation leads to changes in the fluorescence excitation spectrum. The crystals belong to the space group P2 1 2 1 2, and the structures were solved by molecular replacement to 1.9-Å resolution for the oxidized form and 2.0-Å resolution for the reduced form. roGFP2 crystallized as a dimer, with three molecules in the asymmetric unit of the crystal. Each individual monomer is essentially identical to the S65T structure used as a search model (Protein Data Bank code 1EMA). One molecule (the A monomer; Fig. 2A ) is related to its dimer partner by a crystallographic 2-fold axis of symmetry, whereas the other two molecules in the asymmetric unit (B and C) are related by a noncrystallographic 2-fold axis of symmetry. The dimer interface is essentially the same as seen for wild-type GFP (53) and YFP (54) . Since the resolution limit of the data collected was reasonably high, refinement was performed without imposing noncrystallographic symmetry restraints. Thus, the three molecules in the asymmetric unit provide three independent views of the protein in different crystal packing environments. Backbone atoms from any pair of monomers superimpose to an accuracy of about 0.33 Å root mean square.
Final model statistics are presented in Table II . The geometry is acceptable, but the crystallographic R-factors (Table II) are somewhat higher than satisfactory because of an unusual type of disorder in the crystals. Although the electron density for the A and B molecules was very clear, the electron density was poorly defined for a fairly extensive surface region of the C molecule. Consequently, portions of this region (C-subunit residues in the ranges 24 -31, 47-54, 72-74, 110 -123, 133-138, 155-160, 188 -198, and 209 -217) were difficult to model, and many side chains had to be truncated. This region faces a large solvent cavity, which is probably responsible for the apparent disorder. It seems likely that the disorder arises from dynamic rotation or static disorder of the C molecule about the 2-fold axis along the B-C interface. Atomic coordinates and structure factors have been deposited in the Protein Data Bank (available on the World Wide Web at www.rcsb.org/) and may be retrieved using access codes 1JC0 and 1JC1.
The introduced cysteines face the bulk solvent ( Fig. 2A) and form a disulfide with full occupancy under oxidizing conditions. In the crystal, they are near one edge of the dimer interface, but the two pairs of cysteines in the dimer are separated by at least 14 Å (the closest adjacent molecule) and so cannot form intermolecular disulfides during crystallization. In the oxidized crystals, the electron density distribution reveals that the disulfide bond is completely formed and well ordered (Fig. 2B) . In the reduced crystals, careful analysis revealed that despite the care used in handling the crystals, partial oxidation of Cys 147 and Cys 204 took place, presumably during data collection as a result of x-ray irradiation. Given that the resolution was not high enough to resolve the individual components, the final structure was successfully modeled as a superposition of two partially occupied states each enforced by appropriate stereochemical restraints (see bottom panel of Fig. 2B ). The occupancy factors were adjusted manually during several rounds of refinement and inspection of (F o Ϫ F c ) omit difference electron density maps, with B values fixed at the average for the entire residue. From this procedure, we estimated that 25-35% of the molecules in the reduced crystal formed disulfides, for each of the A, B, and C molecules. In the final model, this fraction was fixed at 30% oxidized and 70% reduced for each of the three molecules.
It is clear that when reduced, the S␥ of Cys 204 moves away from the S␥ of Cys 147 , which occupies approximately the same position in either oxidation state (Fig. 2B, top and bottom) . At neither cysteine is there evidence of alternative conformations, further oxidation by molecular oxygen, or cross-links with other compounds in either crystal. The disulfide bond present in the oxidized roGFP2 structure (Fig. 2) has the pg Ϫ g Ϫ conformation typical of linkages between two antiparallel ␤-strands (55) but has highly strained geometry. Averaged over the three molecules in the asymmetric unit, the descriptive parameters are as follows: average C ␣ -C ␣ distance of 4.04 Ϯ 0.09 Å, C ␤ -C ␤ distance of 4.19 Ϯ 0.03 Å, S-S distance of 1.97 Ϯ 0.06 Å, C ␣ -C ␤ -S angle of 112 Ϯ 1.4°, C ␤ -S-S angle of 105.6 Ϯ 1.7°, and a C ␤ -S-S-C ␤ torsion angle of 115.7 Ϯ 0.6°. Torsion angle restraints were not applied during crystallographic refinement. These parameters deviate significantly from those seen for naturally occurring disulfides, even for the naturally strained disulfides that are occasionally found between adjacent antiparallel ␤-strands. Srinivasan et al. (55) did not present S.D. values in their very useful statistical analysis of disulfide geometry in proteins. However, the average value of the SS torsion angle of ϳ116°in roGFP2 is clearly on the extreme edge of the observed distribution centered at about 90°( see Fig. 3A of Srinivasan et al. (55) ). Likewise, the short C␣-C␣ distance of 4.04 Å is on the lower edge of the observed bimodal distribution, which peaks at about 5.1 and 5.7 Å. Finally, the 4.19-Å C ␤ -C ␤ distance is unusually long compared with the more typical 3.8 Å. Presumably, the degree of strain in the disulfide linkage varies between different roGFPs, and this may account for the observed differences in midpoint potentials.
The strain of disulfide bridge formation appears to result in small but significant movements on the part of both the main chain and side chains in its vicinity. For comparison, six independent subsets of molecular segments each consisting of peptides 145-147, 202-206, 220 -224, and the chromophore were superimposed using carbon atoms of reduced molecule A as the reference. The resulting root mean square deviations were 0.43-0.67 Å for 88 atoms, which reflects significant structural changes. The result is shown as a collection of ball-and-stick models (Fig. 2C) in which red bonds correspond to oxidized structures, and blue bonds correspond to reduced structures.
With the caveat of partial oxidation of the "reduced" crystal, the Phe 223 phenyl ring can be seen to shift in response to the movement of Cys 204 S␥ upon reduction. This appears to result from a small relative movement of main chain residues 221-225 rather than from steric clash with the Cys 204 side chain, since the closest side chain distances are Ͼ5 Å. The Cys 147 -Cys 204 C␣-C␣ distance shrinks from 4.30 Ϯ 0.12 to 4.04 Ϯ 0.09 Å (difference Ͼ2 or p Ͼ 0.95) upon oxidation. These differences, although not large, are significant and suggest that disulfide bridge formation introduces a degree of structural strain into the molecule and hence into the chromophore environment. Finally, it should be pointed out the His 148 and Ser 205 , which contact the chromophore, are immediately adjacent to the introduced cysteine residues 147 and 204 and would be expected to shift positions as a result of disulfide bond formation. As a result, it is reasonable to suppose that changes in the chromophore environment perturb the equilibrium between the neutral and anionic forms of the chromophore. 
Investigation of Mitochondrial Redox Potential in Cell Suspensions-
The ability of the roGFPs to monitor redox state in cells was examined using HeLa cells stably transfected with roGFP1. The leader sequence of the E1␣ subunit of pyruvate dehydrogenase was used to direct the protein into the matrix of mitochondria. Fluorescence microscopy verified expression exclusively in mitochondria (Fig. 3) . The ability of the roGFPs to report redox state in intact cells in suspension was examined using a Hitachi F4500 fluorescence spectrophotometer. As shown in Fig. 4 , the fluorescence excitation spectra of roGFP1 are readily detectable in cell suspension and altered by the addition of a strong reductant DTT or oxidant H 2 O 2 . Cellular autofluorescence, presumed to be due to the presence of NAD(H) and FAD, while measurable, is small compared with the probe fluorescence. Finally, unmodified cells do not show observable change in fluorescence upon the addition of H 2 O 2 or DTT (dashed and dotted lines in control). From analysis of the data presented in Fig. 4 (including background subtraction from the control measurement), the roGFP1 probe is on average 89% reduced in HeLa cell mitochondria under the conditions of cell suspension.
Investigation of Mitochondrial Redox Status in Single Living
Cells-Studies using cell suspensions estimate the average redox state in a cell population. However, cells in culture are rarely synchronized for cell cycle stage or metabolic responses, so it is important that redox properties be measurable in single living cells. Analysis of the response of roGFP1 in single living cells was performed using a Zeiss Axioscope 2 microscope as described under "Materials and Methods." Imaged regions were manually chosen and included primarily those regions apparently comprising the mitochondria. The addition of 1 mM H 2 O 2 and 10 mM DTT (Fig. 5 ) evoked qualitatively similar responses to the experiments conducted in the fluorometer using cell suspensions. The initial 400/480 nm ratio, obtained from measurements on 23 cells in seven independent microscopy experiments, was found to correspond to 67 Ϯ 7% reduction of roGFP1. Assuming that roGFP1 is fully reduced or oxidized in the cell by the added reductants or oxidants and that roGFP1 responds quantitatively the same in vivo as it does in vitro, the estimated EЈ 0 of the mitochondrial matrix is Ϫ0.298 Ϯ 0.004 V at the standard conditions of pH 7 and 30°C.
The pH of mitochondria has been estimated to be 7.98 (26) , so from Equation 7, the corrected redox potential at pH 7.98 and 37°C is estimated to be approximately Ϫ360 mV. This correction for the pH dependence is based on the assumption that the introduced cysteine residues have individual pK a values significantly greater than 8.0, which is the case. In work to be published elsewhere, 3 the apparent pK a values for the forward and reverse rates of disulfide formation have been determined for several roGFPs. These values were found to be greater than 9.0 and thus significantly higher than the textbook value of 8.33 for the cysteine side chain in solution, although protein instability at high pH precluded a more accurate determination.
DISCUSSION
Redox-sensitive GFP indicators were successfully created by introduction of disulfides close to a conspicuous bulge in the otherwise regular GFP ␤-barrel. The bulge is centered on His 148 , the side chain of which partially fills the bulge and interacts with the chromophore phenol(ate) oxygen (34, 51, 56 ) (see Fig. 2A ). Modifications to the location, including insertion of entire peptides (29, 57) , are known to dramatically alter the spectroscopic properties of GFP and yet yield functional fluorescent proteins. Crystal structure analyses verified reversible formation of the disulfide for roGFP2 and also suggested that localized geometric strain caused by disulfide formation propagates toward the chromophore region, which presumably accounts for the redox-dependent shifts in the excitation spectrum. Consequently, the design principle is validated. The atomic model for roGFP2 is expected to be an excellent approximation to that of the mitochondrially expressed roGFP1 because each contains the critical 147/204 disulfide linkage.
Ostergaard et al. (33) investigated four sites for introduction of disulfides in a YFP background, including the two discussed here (149 -202 and 147-204) and reported similar success. However, in YFP, the protonated form of the chromophore does not fluoresce, and consequently, the oxidation state affects only the intensity of fluorescence. The probes thus do not permit ratiometric measurements. The 149 -202 pair was investigated in detail, and the midpoint potential was reported to be Ϫ261 mV by titration against the GSH/GSSG couple. This value is less negative than those reported here for the variants roGFP3 (Ϫ299 mV) or roGFP4 (Ϫ286 mV), which contain the same disulfide. Although the constructions are not strictly compara- In comparing the results reported here and elsewhere, 2 we find the midpoint potentials determined for roGFPs to be in reasonable agreement. However, Dooley et al. 2 consistently report somewhat more negative values for the midpoint potentials. We have compared data sets but are not yet able to account for these small discrepancies, which may be due to variations in sample preparation or reagents. It should be noted that the results reported here were not corrected for possible partial air oxidation that may have been present in the fully reduced DTT and/or lipoate samples and thus may result in less reducing (i.e. more positive values) of the midpoint potentials. For practical purposes, we suggest using consensus values of Ϫ291 and Ϫ280 mV for the midpoint potentials of roGFP1 and roGFP2, respectively.
The unusually negative midpoint potentials of roGFP probes will be disadvantageous for use in oxidizing compartments such as the endoplasmic reticulum; however, the observed midpoint potentials depend on the sites of disulfide substitution. Although the midpoint potentials of the redox-active cysteines in the active sites of thioredoxins and reductases have been subjected to some scrutiny (52, 58) , the factors that control the equilibrium constants for protein disulfide formation are not well understood. Zhang and Snyder (59) studied disulfide formation in small peptides and observed that both geometric and entropic effects control the equilibrium constant for loop closure. Given the crystallographic determination of geometric strain in the 147-204 linkage as discussed previously, we are not able to offer a quantitative explanation for the unusual stability of the 147-204 or 149 -202 linkages. Presumably there are other locations in GFP suitable for the introduction of disulfides that would permit less reducing linkages to form, as suggested by the work of Ostergaard et al. (33) . Such constructions could in principle provide fluorescent redox probes suitable for use in more oxidizing environments.
One of the more important roGFP features is the ratiometric variation of fluorescence excitation, which is caused by an increase in the chromophore protonation state upon oxidation. This behavior has the potential of reducing or eliminating distortions of data caused by photobleaching, indicator concentration, illumination stability, excitation path length, and nonuniform indicator distribution within cells or between groups of cells (35, 60) . It should be emphasized that these ratios are sensitive to the wavelengths chosen and to the characteristics of the individual instrument, such as source intensity profiles, excitation bandwidth, and detector sensitivity. For this reason, individual calibration curves should be obtained for each probe under the conditions used for the experimental measurements. The "pseudo-wild-type" roGFPs (roGFP1, -3, and -5) with more closely matched excitation peak amplitudes may aid in fluorescence microscopy experiments by allowing the same camera/ detector settings to capture both images that constitute the ratio. These probes offer the additional advantage that the probe response is relatively insensitive to variations in pH.
In cell expression experiments, roGFP1 is clearly in equilibrium with the redox potential of mitochondrial matrix, which is readily altered by the addition of membrane-permeable redox agents. In the present study, we were able to demonstrate that roGFP1 is initially neither fully oxidized nor fully reduced in the mitochondrial matrix of HeLa cells as shown by the response to the addition of H 2 O 2 and DTT. In these cells and under these growth conditions, the redox potential of the resting mitochondria lies within the effective range of the probe. Therefore, studies of redox changes in response to altered metabolic conditions or exogenous reagents can be performed in cell suspensions using the probes described here. The estimated value of Ϫ360 mV for the mitochondrial redox potential corresponds to very reducing conditions, but it should be considered that cells in culture and cancer cells, such as HeLa cells in particular, are living primarily by glycolysis with little or no contribution from oxidative phosphorylation. Under such circumstances, the ratio of NADH to NAD ϩ and, therefore, the levels of reducing equivalents will be high.
Indeed, in similar experiments, we showed elsewhere (61, 62) that the redox state of mitochondrially expressed roGFP1 depends on the cell growth medium. roGFP1 was substantially more reduced (92%) in HeLa cells grown in glucose medium than in the same cells grown in galactose/glutamine medium (82%). This result is expected, because the simultaneous presence of galactose and glutamine forces the cells to utilize the Krebs cycle and consequently decreases the NADH/NAD ϩ ratio. Such results are very promising for the use of these probes as monitors of metabolism-dependent redox changes in vivo.
Finally, the probes respond to the presence of reactive oxygen species such as H 2 O 2 , which is an important issue for researchers studying aging, signal transduction, and neurodegenerative diseases.
In Vitro Applications-Redox-sensitive GFPs will be excellent tools for a variety of in vitro applications. Since chromophore fluorescence is dependent upon the extent of disulfide bond formation as well as the energy of formation (EЈ 0 value) of the disulfide bond, roGFPs provide a useful model system to study disulfide bond stability and rates of formation. Such studies might involve exchange reactions with different model compounds or redox-active proteins. In principle, disulfide exchange rates and oxidation or reduction rates of redox-active compounds could be determined by fast fluorometric (stoppedflow) techniques. roGFPs could also be used as a fluorescent standard for measurement of the apparent redox midpoint potential and exchange rates of other redox-active compounds of biological relevance.
